Ultraviolet light (UV) causes DNA damage that is removed by nucleotide excision repair (NER). UVinduced DNA lesions must be recognized and repaired in nucleosomal DNA, higher order structures of chromatin and within different nuclear subcompartments. Telomeric DNA is made of short tandem repeats located at the ends of chromosomes and their maintenance is critical to prevent genome instability. In Saccharomyces cerevisiae the chromatin structure of natural telomeres is distinctive and contingent to telomeric DNA sequences. Namely, nucleosomes and Sir proteins form the heterochromatin like structure of X-type telomeres, whereas a more open conformation is present at Y'-type telomeres. It is proposed that there are no nucleosomes on the most distal telomeric repeat DNA, which is bound by a complex of proteins and folded into higher order structure. How these structures affect NER is poorly understood. Our data indicate that the X-type, but not the Y'-type, sub-telomeric chromatin modulates NER, a consequence of Sir protein-dependent nucleosome stability. The telomere terminal complex also prevents NER, however, this effect is largely dependent on the yKu-Sir4 interaction, but Sir2 and Sir3 independent.
INTRODUCTION
Chromatin affects transcription, replication and DNA repair efficiency (1) (2) (3) (4) . In Saccharomyces cerevisiae, throughout the text referred to as yeast, transcription is repressed in condensed heterochromatin-like structures, for example the inactive copies of the MAT locus that are sheltered in silent mating type loci (HML and HMR). At these loci, heterochromatin forms through the nucleation of Sir proteins at silencer elements (E and I), followed by the spreading of the Sir complex. The silent-information regulator genes (SIR1, 2, 3 and 4) are non-essential for cell growth but are required for transcriptional repression. Initial analyses by chromatin immunoprecipitation (ChIP) suggested that Sir2, Sir3 and Sir4 proteins were present throughout the silenced HM loci (5, 6) . More recently, ChIP followed by next-generation sequencing (ChIP-seq) indicated that Sir proteins were mostly present at silencers and closely adjacent regions, with some enrichment over the HML and HMR promoters (7) . Additionally, precisely positioned nucleosomes were mapped on regions flanking the silencers, and in strains lacking Sir3 nucleosome positioning was lost over half of the silent HML locus (8, 9) .
Telomeres are formed by chromosome terminaltelomeric repeat DNA and telomere associated X and Y' DNA elements (Supplementary Figure S1) , and they are thought to be in a heterochromatin-like structure (10) . Hence, it was suggested that telomere proximal-gene silencing was caused by telomeric heterochromatin. However, this was reported for synthetic telomeres with the URA3 reporter gene inserted at various distances from the telomeric DNA (11) . The results suggested that silencing of URA3 decreased with increasing distance from the telomere, which led to the conclusion that yeast telomeres could repress transcription of nearby genes, a phenomenon termed telomere position effect (TPE) (11, 12) . TPE required outward spreading of Sir2, Sir3 and Sir4 containing chromatin (13, 14) , together with the heterodimeric yKu complex (15, 16) . Of note, the telomeres analyzed in those studies did not have the natural sub-telomeric X or Y' elements. In opposition to the silencing spreading-model, investigations on natural telomeres indicated that Sir proteins were rather non-homogeneously distributed (17) (18) (19) . ChIP-seq analyses at high-resolution examined the presence of Sir proteins at telomeres in the absence of reporter genes, either with only the X element or with both X and Y' elements. All three Sir proteins were found on telomeric repeats and in the X element, but not in the Y' element (7, 20) . Thus, at natural telomeres the Sir proteins occur at discrete sites, rather than in a continuous gradient as postulated from the studies on synthetic telomeres. Moreover, reporter genes engineered within the Y' element, which is mostly located between telomeric repeat sequences (TR) and X elements (Supplementary Figure S1A) , were not silenced (21) .
The distribution of nucleosomes on telomeres was also investigated. Semi-purified chromosome terminal complexes were found to be nucleosome free, whereas positioned nucleosomes were found in adjacent regions (22) . Sequencing DNA from immuno-purified nucleosomes confirmed that telomeric repeats were depleted of nucleosomes and that Y' elements had well positioned nucleosomes. For the X elements, one study described positioned nucleosomes immediately upstream and inside the elements (23), whereas a parallel investigation indicated that the X elements were mostly free of nucleosomes (20) . Finally, in addition to Sir proteins and modified histones, gene silencing may be enforced by telomere-clustering and perinuclear localization (24) (25) (26) . Telomere-clustering is promoted, at least in part, by the heterodimeric yKu protein that directly binds to telomeres (27) . In cells lacking yKu, the perinuclear localization of both telomeric DNA and Sir proteins is lost, and TPE is abrogated (15, 27, 28) . Since deletion of SIR3 or SIR4 did not change the localization of telomeric DNA, it is proposed that yKu helps tether telomeric DNA to the nuclear envelope (29) .
Efficient repair of DNA damage induced by intra-and extra-cellular agents is necessary for the maintenance of genome stability. Nucleotide excision repair (NER) removes UV-induced pyrimidine dimers (PDs), like cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6,4PDs). They are eliminated in five steps: lesion recognition, DNA unwinding and incision of the DNA strand on both sides of the lesion, excision of a DNA fragment of ∼30 nucleotides, filling of the gap by DNA synthesis, and DNA ligation (30) . NER is divided in global genome repair (GG-NER) that removes lesions from inactive DNA, and transcription-coupled repair (TC-NER) that removes lesions only from the transcribed strand (TS) of active genes (30, 31) . In yeast, GG-NER depends in part on RAD7/16 (32, 33) and TC-NER on RAD26 and RAD34 for RNA polymerase II and RNA polymerase I, respectively (33) (34) (35) . Repair of CPDs by TC-NER is faster than by GG-NER (36, 37) . In addition, it is well established that nucleosomes modulate the efficiency of NER; repair of linker DNA is generally fast and repair of DNA in the nucleosome center is slow (38) (39) (40) (41) . Conversely, little is known about NER in heterochromatin (42) . In synthetic telomeres, removal of UVinduced DNA lesions was followed in the URA3 gene inserted at ∼2 kb from the telomere ends. Efficient repair was measured in the active URA3 of sir3Δ cells, whereas partial gene silencing slightly reduced and complete silencing drastically inhibited NER (43) . Another report analyzed NER in the URA3 gene that was inserted at ∼1.75 kb from the telomere of chromosome XIL and of chromosome IIIR, where the reporter gene was inactive and active, respectively. As expected, in sir2Δ cells the URA3 gene on chromosome XIL was activated and, thus, repaired more efficiently. However, URA3 on chromosome IIIR was already active, yet in sir2Δ cells NER was faster than in SIR2 cells (44) . Both studies were based on TPE and synthetic telomeres lacking the sub-telomeric X and, or, Y' elements. Therefore, information on NER in chromatin of natural telomeres remains scarce. Here, NER in heterochromatin was followed in the constitutively silenced HM loci, in the X and Y' elements of natural sub-telomeres and in telomeric repeats, in presence or absence of Sir and yKu proteins. The results indicate that in sub-telomeric heterochromatin NER is modulated by Sir proteins stabilized-nucleosomes, and that in telomeric chromatin NER is inhibited by the yKu-Sir4 interaction.
MATERIALS AND METHODS

Yeast strains
Information on BY4741 and related gene deleted strains is available in the Saccharomyces Genome Deletion Project web site [http://www-sequence.stanford.edu/group/ yeast deletion project/deletions3.html] (45) (see also Supplementary Table S1 ).
Media, growth conditions and UV irradiation
Yeast cells were grown exponentially (∼10 7 cells/ml) in yeast extract-peptone-dextrose (YEPD) at 30
• C in a culture tube rotator. After centrifugation, cells were re-suspended in ice cold phosphate buffered saline (PBS) (137 mM NaCl, 2.5 mM KCl, 2 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , pH 7.0) to a final concentration of 2 × 10 7 cells/ml. Cell suspensions were poured into trays to a depth of ∼1 mm and irradiated with a UV dose of 180 J/m 2 (254 nm) measured with a UVX radiometer (Ultra-Violet Products, Upland, CA, USA). Cells were harvested, re-suspended in pre-warmed YEPD and incubated in the dark at 30
• C with continuous shaking for different repair times, as indicated.
DNA extraction
As previously described (46) , for each repair time point, ∼2 × 10 9 cells were collected, washed with ice cold PBS, suspended in 1.5 ml of nuclei isolation buffer (NIB: 50 mM MOPS, pH 8.0, 150 mM potassium acetate, 2 mM MgCl2, 17% glycerol, 0.5 M spermine and 0.15 M spermidine) and transferred to 15 ml polypropylene tubes containing 1.5 ml of glass beads (425-600 m, Sigma). Yeast were disrupted by vortexing (16 × 30 s pulses with 30 s pauses on ice), the nuclear suspensions collected and the glass beads rinsed two times with 1 ml of NIB. The suspensions were combined, centrifuged for 5 min at 13 krpm and the pellets were re-suspended in 500 l TE. After addition of 225 l 3M sodium acetate and 35 l 10% sodium dodecyl sulphate, the nucleic acids were extracted twice with phenol:chloroform (1:1) and once with chloroform, before precipitation at −20
• C in isopropanol. After centrifugation, pellets were re-suspended in 200 l TE and treated with Nucleic Acids Research, 2017, Vol. 45, No. 8 4579 RNaseA (10 mg/ml) for 30 min at 37
• C, and extracted with phenol:chloroform and chloroform before precipitation at −80
• C in ethanol for 20 min. After centrifugation, DNA pellets were rinsed in 70% ethanol, dried and re-suspended in 200 l TE.
T4 endonuclease V, alkaline gel electrophoresis and Southern blotting
The DNA samples were treated with T4 endonuclease V (T4-V; Epicentre) according to manufacturer's recommendations. After T4-V digestion, ∼1 g of each DNA sample were separated on 1% alkaline agarose gels. DNA was transferred to Hybond N+ membranes (GE-Healthcare) in 0.4 N NaOH, the radioactive probes were generated using 32 P-endlabeled oligo-DNA (Supplementary Table S2 ); hybridization and washing were done at 30
• C as previously described (47) .
Primer extension
Labeling of DNA oligonucleotides and primer extensions were done as described in (48) , except that 1 g of DNA, 2 pmol of radiolabeled oligonucleotides and 10 pmol of dNTPs were employed. The samples were denatured at 95
• C for 10 min and then chilled on ice before the reaction was started by the addition of 0.2 U of Taq polymerase. The thermocycling program was as following: 95
• C for 5 min; 30 cycles of denaturation (95
• C for 45 s), annealing (55 • C for 5 min) and extension (72 • C for 5 min); one final extension at 72
• C for 10 min. Then, the samples were precipitated with the addition of 1/10th volume of 3 M sodium acetate, 1 ng of salmon sperm and 2.5× volume of ethanol. After incubation at −20
• C for 1 h and centrifugation, the DNA pellets were rinsed in 70% ethanol, dried and re-suspended in sequencing gel-loading buffer (48) .
Quantification of CPD yield
Phosphorimages of gels were quantified using ImageQuant software (GE-Healthcare). For the T4-V assay, measurement of CPDs was done as in (49, 48) . For the primer extension assay, end-labeled DNA products were resolved on DNA sequencing gels (6% acrylamide, 0.35 M urea). The intensity of bands reflects Taq arrests at UV photoproducts and, thus, strong band signals correspond to hot spots for UV lesion formations. Signals were analyzed using ImageQuant by drawing a line tightly around the bands. The density of each band was transferred to an Excel spreadsheet and the frequency (F) of a single photoproduct (or cluster of photoproducts) was measured by quantifying its signal intensity and then divided by the signal of the whole lane. The ratio of signal densities that were measured in the −UV lane was subtracted to correct for signal noise (background). The percent of repair for each photoproduct was plotted over the incubation time, whereby the values measured for 0 h repair corresponded to 100% damage (or 0% repair), and percent of repair = 100 × [F(time 0) − F(repair time point)/F(time 0)].
RESULTS
Sir2, Sir3 and Sir4 delay repair of UV induced DNA lesions in HM loci
The yeast mating type is determined by the allele (MATa or MATα) that is present in the transcriptionally active MAT locus, whereas silent copies of the genes are stored at the HMR and HML loci. To characterize NER in silenced chromatin, we first investigated if Sir2, Sir3 and Sir4 moderated NER in both HM loci. Yeast grown to early log phase were UV irradiated and incubated for various lengths of time to allow repair of photoproducts. DNA was isolated from non-irradiated and irradiated wild type (WT), sir2Δ, sir3Δ and sir4Δ cells and then prepared for the T4-V assay, an enzyme that nicks DNA at CPD sites. The DNA probe and restriction enzymes were selected to allow concurrent measurements of repair in HML, HMR and MATa ( Figure 1A ). After treatment with T4-V, changes in signal intensities of bands ( Figure 1B -E, left panels; compare − with + lanes) reflect the number of CPDs that are present in the DNA fragments. For the WT, the results indicated that active MATa was repaired faster than both silenced HM ( Figure 1B ). On the contrary, in absence of Sir2, Sir3 or Sir4, CPDs were removed at similar rates from all three loci ( Figure 1C -E), indicating that repair of CPDs was less efficient in the presence of Sir proteins. However, Sir proteins occlude the transcription machinery from its cognate DNA sequences (50) (51) (52) . Consequently, in sirΔ strains putative transcription activation of HM loci (53,54) could be responsible for enhanced repair by TC-NER (55,56) (Figure 1C-E). To examine this possibility, repair of PDs (CPDs and 6,4PDs) in the HMR locus was followed in the non-TS (NTS) and within a 350 bp region downstream of the a1 gene. This region comprises the I-element and is covered by Sir proteins (Figure 2A) . A primer extension technique based on efficient and precise blockage of Taq polymerase by PDs (57) was employed to follow repair in WT and sir3Δ cells, at nucleotide resolution ( Figure 2B ). The top band of the gel (+1792) represents full length-extension of undamaged DNA fragment. The bands below indicate the presence of PDs and their intensity is proportional to the frequency at which they form in the sequence (compare DNA of cells that were either not irradiated; lane U, or irradiated; lane 0 h). Decrease in band intensity (lanes 1, 2 and 4 h) indicates the efficiency at which the corresponding PD is repaired. The quantification of single band signals is presented in Supplementary Figure S2 , and the average repair for all PDs in WT and sir3Δ cells is shown in Figure  2C . Both datasets confirmed that in a non-transcribed region where PDs were removed by GG-NER, the presence of Sir3 tempered the activity of NER. In addition, Supplementary Figure S2B shows that PDs proximal to each other are repaired with distinct kinetics. This can be explained by the limiting-step in NER, the recognition of DNA damage, which largely depends on the degree of helical distortion produced by the lesion. In chromatin, DNA distortion is modulated at different degrees by the presence of proteins. Thus, depending on the position of PDs on kinked DNA around the protein, their recognition can occur at different arrows) is indicated, together with the silencer elements (E and I) and restriction sites (EcoRI and HindIII). The restriction fragment lengths are in kilo base pairs and short black bars represent ∼1 kb long double strand DNA probe (size scale is not respected). (B-E) Yeast WT, sir2Δ, sir3Δ and sir4Δ strains were irradiated at 180 J/m 2 and harvested at the indicated times. Isolated DNA samples from non-irradiated (−UV) and irradiated cells (0-4 h repair) were digested with EcoRI and HindIII. The separation of DNA fragments by denaturing agarose gel electrophoresis and Southern blotting were done as described in 'Materials and Methods' section. Left panels: representative of T4-V assays. Right panels: quantifications of phosphor images with the means ± 1SD of three independent experiments. rate. This has been shown for gene promoters and nucleosomal DNA (41, 58, 59 ).
Sir3 moderates repair of UV induced DNA lesions in the X element chromatin
In contrast to stable silencing at HM loci, silencing in subtelomeric regions is variegated and causes stochastic patterns of transcriptional repression (21, 60) . Given the significant decrease in NER efficiency at silenced HM chromatin (Figures 1 and 2) , we investigated to what extent heterochromatin at natural telomeres moderated repair. Yeast telomeres are of two classes, one containing a X element abutting the terminal telomeric repeats (X-telomeres) and the other harboring up to four Y' elements between the X ele- Figure S1 ). It was reported that Sir proteins are enriched on the X elements and on telomeric repeats, but not on Y' elements (7, 20) . Therefore, to determine the efficiency of NER in heterochromatin at native chromosome ends, repair of UV-induced DNA lesions was measured within the X elements and in flanking sequences (∼150 bp). The primer extension technique was employed to compare repair in WT and sir3Δ cells at nucleotide resolution ( Figure  3) , and the quantifications were done as described for the HMRa locus (Supplementary Figure S2) .
In WT cells and for the strand running 3 to 5 toward the telomeres (lower strand) ( Figure 3A and B, left panels), PDs throughout the sequence were repaired at different rates. After 4 h, lesions at the telomere distal end of the X element (PDs −16 to −1) were ∼49% repaired, whereas lesions in the X element (PDs +1 to +24) were ∼38% repaired (Supplementary Figure S3A ). For the opposite strand ( Figure 3C and D, left panels), after 4 h lesions in the XC region (PDs −3 to +16) were ∼50% repaired and in the XR region (PDs +17 to +22) ∼41% repaired (Supplementary Figure S3A) . When SIR3 was deleted (right panels), overall removal of PDs was considerably faster with an average repair of ∼87% (PDs −16 to −1) and ∼ 66% (PDs +1 to +24) for the lower strand, and ∼ 78% (PDs −3 to +16) and ∼66% (PDs +17 to +22) for the upper strand (Supplementary Figure S3A) . Thus, although the Sir complex did not affect the formation of PDs ( Figure 3 , 0 lanes; compare WT and sir3Δ) it considerably decreased NER efficiency throughout the X element. Recent genome wide-mappings of Sir proteins suggest that Sir3 is less prominent at the distal end of the X element (7). If correct, our data suggest that even the lowered level of Sir3 at the distal ends of the X-elements can affect NER efficiency (Supplementary Figure S3B) .
Nucleosome distribution and modulation of NER efficiency in the X element
Genome-wide mappings of histones H3 and H4 designated three positioned, canonically spaced nucleosomes at the telomere distal end of the X element (not shown in Figure  4 ), followed by one strongly positioned nucleosome at the beginning of the X element (nucleosome I), a gap of 330 bp and regularly spaced nucleosomes toward the telomere (nucleosomes II, III, IV) ( Figure 4 3 . NER in the X element and surrounding region at nucleotide resolution. Yeast were grown and prepared as described in Figure 1 , the DNA was extracted and digested with the restriction enzymes HhaI and RsaI (Supplementary Figure S1B) , before it was used as template for primer extension. The representative sequencing gels illustrate repair of PDs in the lower (A and B) and upper (C and D) strands of WT and sir3Δ strains. Lanes are: U, DNA extracted from non-irradiated cells; 0-4, DNA extracted from cells immediately after irradiation or after 0.5, 1, 2 and 4 h repair. Maps on the left sides represent the X element with 3 -and 5 -ends, the XC (white) and XR (gray) regions and the flanking sequences (line). Only PDs that were quantified and plotted in Figure 4 are shown on the maps and are numbered negatively or positively when present outside or inside of the X element, respectively. Stars point to natural sequences causing Taq polymerase arrest; empty and filled circles point to examples of PDs that are fast and slow repaired, respectively; directions for the four primer extensions (a-d) are indicated and brackets align corresponding nucleotides in gels that migrated for different times. and, generally, it is slow in the center of nucleosome core-DNA and relatively fast in linker DNA between nucleosomes (38, 41) . Consequently, the resolution of our measurements of repair efficiencies in the X-elements, as shown in Figure 3 , should allow observing nucleosome-position dependent modulation of NER. Thus, repair efficiency was quantified and the data plotted as the time needed to remove 25% of PDs against their position in the sequence of the X element, for the upper and lower strand (Figure 4) . In WT (black diamonds), the repair rates corroborated the position of nucleosomes mapped by Mavrich et al. (nucleosomes I, II, III, IV). In addition, a decrease of the repair rate was observed on both DNA strands on the previously described 330 bp gap, indicating that there could be an additional nucleosome that we labeled 'Ia'. In sir3Δ cells (gray triangles) most PDs were removed faster than in the WT and NER efficiency was considerably less modulated, suggesting that Sir3 prevented the movement of nucleosomes that is required for efficient repair (41) .
Decreased NER efficiency in Y' elements and chromosome ends is Sir2 and Sir3 independent
There are indications that on the Y' element there are nucleosomes but not Sir proteins (7, 23) , despite that Y' elements are located between X element and telomeric repeats (Supplementary Figure S1A ), both of which have Sir proteins. To analyze NER in Y' sub-telomeres, DNA isolated from WT, sir2Δ and sir3Δ cells was assayed with the T4-V enzyme, followed by the separation of DNA fragments in denaturing agarose gel electrophoresis and Southern blotting, as described in 'Materials and Methods' section. The membranes were hybridized with a double stranded Y'-probe (Supplementary Figure S1C) . There are a short and a long form of Y' element and their copy number is yeast strain dependent, although they are mostly described as one or two copies. For the strain used in this study, restriction enzyme digestion resulted in three DNA fragments with similar lengths (average of ∼4.7 kb), as expected from two adjacent Y' elements ( Figure 5A, left panel) . Quantitative analyses were obtained by measuring the intensity of the three bands as a single cluster (right panel). For the WT strain, the Figure S1C) and mock treated or treated with T4-V, denoted by − and +, respectively. Left panels: after separation of DNA fragments in 1% alkaline agarose-gels and blotting, the membranes were hybridized with the double stranded Y'-probe shown in Supplementary Figure S1C results indicated that about 46, 70 and 82% of CPDs were removed after 1, 2 and 4 h, respectively. Very similar repair rates were measured in absence of Sir proteins, with percent of CPDs removed of about 56, 66 and 95% (sir2Δ), and 48, 68, 86% (sir3Δ). These results show that Sir2 and Sir3 proteins present on the neighboring X element and telomeric repeats did not influence NER in the telomere distal region of Y' elements. Thereafter, NER efficiency was followed in the terminal ∼3.0 kb HindIII-fragment that was made of ∼2.65 kb of Y'-sequences and ∼0.35 kb of telomeric repeats, corresponding to ∼88% Y' element and ∼12% telomeric repeat (Supplementary Figure S1C) . Within a cell population the length of telomeric repeats varies, resulting in a smeary band, with an average size of ∼3.0 kb ( Figure  5B ). Quantitative analyses showed that for the WT strain the percent of CPD removed after 1, 2 and 4 h repair were about 37, 49 and 69%. Similar NER efficiencies were found for sir2Δ (35, 52 and 83%) and for sir3Δ (36, 58 and 85%) . Additional information was obtained after digestion with XhoI (Supplementary Figure S1C) that released a population of fragments (broad band) with an average length of ∼1.3 kb (Figure 5C ), of which ∼27% was made of telomeric Nucleic Acids Research, 2017, Vol. 45, No. 8 4585 repeats. Again, the percent of CPDs removed after 1, 2 and 4 h repair was similar for the WT (16, 23 and 43%), the sir2Δ (14, 33 and 50%) and the sir3Δ (11, 28 and 44%) . Thus, in the Y' element NER efficiency was not affected by the presence, or absence, of Sir2 and Sir3 proteins, in agreement with previous observations suggesting that Sir proteins are absent from the Y' element chromatin.
The results presented in Figure 5 show that NER efficiency gradually decreases in a centromere-to-telomere direction (right panels; compare curves for 4.7, 3.0 and 1.3 kb fragments). There are uncharacterized, or dubious, ORFs on both DNA strands of the Y' element (http://www. yeastgenome.org). If they were transcribed, Rad26 dependent TC-NER would remove the UV photoproducts, explaining fast repair of the 4.7 kb fragment. To examine this possibility, NER was followed in rad26Δ (TC-NER − ) mutants and compared to WT (TC-NER + ). The results presented in Supplementary Figure S4 show that there was some Rad26 dependent TC-NER in the Y' elements (compare WT, continuous line with rad26Δ, dashed line), corresponding to ∼17% and ∼13% of total repair for the 4.7 and 3.0 kb fragment, respectively, which was calculated as following: repair in WT for each time point was considered as 100%; decreased repair in rad26Δ cells was presented as average of the percent for the four repair time points. However, also in rad26Δ cells, DNA lesions were removed at different rates from the three DNA fragments and, consequently, putative transcription of short ORFs in the Y' element could not explain the fading of NER efficiency toward the chromosome ends. Thus, we explored whether slow repair of the 1.3 kb terminal fragment was specific for Y'-telomeres. This was assessed by probing telomere VIIL, in a yeast strain where the Y' sub-telomeric region was replaced with the ADH4 and URA3 genes, inserted ∼230 bp from the telomeric repeat (Tel07L-modified) (61) (Supplementary Figure S5A ). Cells grown in glucose were UV irradiated and DNA repair was followed by the T4-V assay in DNA fragments of different lengths; the terminal ∼1.3 kb fragment containing a portion of the URA3 gene (∼62% of the fragment) and telomeric repeats (∼27% of the fragment). The results showed similar slow repair rates for both natural ( Figure 5C ; WT) and synthetic telomeres (Supplementary Figure S5B ). Moreover, NER rates decreased with decreasing distance from the telomeric repeat (Supplementary Figure S5B ), suggesting that NER was affected by the peculiar chromatin structure near the proximity of chromosome ends.
NER is inhibited by yKu-Sir4 interaction
A core feature of telomere capping is to prevent chromosome fusions, homologous recombination and other illegitimate repair events (10) , where the yKu complex plays multiple roles. The yKu heterodimer interacts with Sir4 and this interaction is pivotal for the assembly of telomeric heterochromatin (62) (63) (64) . Moreover, yKu can directly bind telomeric DNA (65) via its canonical DNA binding activity. However, the recruitment of Sir4 to telomeres can be both, yKu dependent or independent (66) . Hence, we considered the possibility that yKu hampered NER close to chromosome ends, as shown in Figure 5C . This was tested in a strain lacking Yku70 (yku70Δ), where NER was followed in the three telomere-restriction fragments ( Figure 6A ). For the 1.3 kb fragment, NER in the yku70Δ strain was considerably faster (∼80% CPDs repaired after 4 h) than in the WT (∼40% CPDs repaired after 4 h). For the 4.7 kb fragment, NER efficiency was similar in yku70Δ and WT strains, and for the 3.0 kb fragment, only a slightly faster repair occurred in yku70Δ. As additional control, NER was followed in the HM and MAT loci, where yKu is not required for the assembly of Sir proteins. These experiments showed that repair of CPDs was very similar in all three loci of both, yku70Δ and WT strains (Supplementary Figure S6) . All together, these results suggested that yKu inhibited NER specifically at chromosome ends. Given that Sir4 did not inhibit NER in the HM and MAT loci ( Figure 1E ), repair of CPDs was analyzed in the three telomere-fragments of the sir4Δ strain ( Figure 6B ). Similar to the measurements obtained for the yku70Δ strain, in the absence of Sir4 repair of CPDs was considerably faster only in the terminal 1.3 kb fragment (∼70% repair after 4 h). To investigate whether the yKuSir4 interaction was important for the inhibition of NER, repair of CPDs was investigated in a yeast strain carrying a mutated YKU80 allele. The Yku80-L140A protein by and large has lost its ability to interact with Sir4 but yKu binds normally to DNA. Yeast carrying the yku80-L140 allele displays deficient TPE but telomere integrity is not affected (65, 67) . The results obtained with the T4-V assay ( Figure  6C) show that CPDs are fast removed in the terminal 1.3 kb fragment (∼75% repair after 4 h), suggesting that yKuSir4 binding inhibits NER.
In addition to the multiple functions of yKu described above, yKu is needed for repair by non-homologous end joining (NHEJ), but not for homologous recombination (68, 69) . One model proposes that yKu in conjunction with Sir proteins forms a chromatin structure that is essential for rejoining broken DNA ends (62) . To determine if NHEJ participated in repair of UV damaged subtelomeric Y' elements, the presence of CPDs was followed in nej1Δ (NHEJ − /NER + ) (70, 71 ) and compared to WT (NHEJ + /NER + ). The results shown in Supplementary Figure S7 imply that NHEJ does not contribute to repair of CPDs in the three fragments of chromosome ends.
DISCUSSION
In this study, repression of NER by heterochromatin was assessed at HM loci and natural telomeres. Previously, NER was investigated at chromosome ends lacking sub-telomeric sequences, which were replaced with the URA3 gene (synthetic telomeres). It was found that the efficiency of NER in URA3 was modulated by alterations in chromatin structure associated with silencing, because repression of NER was released in sir3Δ and sir2Δ cells (43, 44) . The two reports were based on evidence for TPE-associated repression of genes and on a model of large domains of repressive chromatin that is formed by a continuous gradient of Sir proteins, spreading from the most distal telomere terminal repeats. However, recent reports indicate that Sir proteins are not continuously distributed at natural telomeres. The ChIP-seq assay identified the Sir complex on the X elements and on telomeric repeats but not on the Y' elements. Conse- quently, models for transcription and NER repression mediated by natural telomeric chromatin need further investigation.
Yeast heterochromatin is formed by the recruitment of silencing complexes to nucleosomes with definite modified histones (72) . Although there is considerable knowledge on Sir proteins, their spreading and interactions with histones, the extent to which Sir proteins affect nucleosome stability and DNA accessibility is little understood. It is proposed that silencing occurs by occlusion of transcription factors from the cognate DNA element, for example by stabilizing a nucleosome on gene promoters (43, 73) . Since heterochromatin of natural X sub-telomeric regions is built by the interactions of Sir proteins with oligo-nucleosomes (20,60), we considered the whole X element as archetype substrate to investigate NER accessibility to UV-induced DNA lesions in heterochromatin. Specific oligo DNA-primers were designed to follow damage formation and NER in the X el-ement of chromosome XV-L. The results showed that repair of photoproducts was considerably slow over the entire X element. In absence of Sir3 NER efficiency increased significantly, reaching rates that were somewhat faster than those measured in array of positioned nucleosomes in the non-transcribed regions of the rDNA locus, but slower than those measured in the highly transcribed rRNA genes (Supplementary Figure S8 ). Additional information was obtained by measuring the repair rates for individual DNA lesion in the X element. It is well established that photoproducts are repaired fast in linker DNA and toward the end of positioned nucleosomes, but slow in the center of nucleosomal core DNA. Cyclic modulation of NER was first observed in the yeast URA3 gene (39) and related to the position of nucleosomes described by a different study (74) . Thereafter, a number of investigations confirmed that positioned nucleosomes modulated repair efficiency (41) . Thus, it became evident that repair-analysis of photoproducts at nucleotide precision was a valuable tool to determine the position of nucleosomes in vivo (75) . Since the occurrence of histones on X elements has been controversial (20, 23) , we exploited the distinctive modulation of NER to assess nucleosomes in the X element. The efficiency of repair followed a periodicity of ∼130 bp that is characteristic for NER in nucleosomal DNA. Remarkably, in the absence of Sir3 excision of photoproducts was faster and largely not modulated, as described for chromatin regions with unstable nucleosomes (38, 41) . Hence, we propose that the Sir complex stabilizes the position of nucleosomes on the X element. Because PDs can be exposed to NER factors during transient shifts in nucleosome positioning (38, 41) , we suggest that the slow NER in the X element heterochromatin results from the reduced mobility of nucleosomes.
In comparison, NER was followed in Y' chromatin that is characterized by arrays of nucleosomes but lack Sir proteins (7, 20) . It was not possible to design primers that annealed with only the short or the long forms of Y' elements, without unspecific cross-hybridization. Therefore, NER activity was measured by the T4-V assay in three subsequent segments of the Y' sequence, and the results represented the average of DNA damage and repair that occurred in all Y' telomeres. Parallel experiments in the mating type locus validated that the T4-V assay could discriminate between NER efficiencies in Sir containing versus Sir depleted chromatin. In the sub-telomeric Y' loci of WT, sir2Δ and sir3Δ strains CPDs were repaired at similar rates. These results corroborate genome-wide ChIP data for the localization of Sir proteins, which indicated that they were not present on Y' elements (7) . Moreover, the most distant fragment from the telomeric repeat, formed only by Y' sequences, was repaired very fast, like the transcribed MATa gene. Some of the fast repair resulted from TC-NER, because removal of DNA lesions was less efficient in the rad26Δ strain. At the extreme end of chromosomes, NER was analyzed in a fragment of ∼1.3 kb (TRF) composed by ∼ 25% of terminal telomeric repeats buried in a specialized structure that includes Sir 2, 3, 4 and yKu proteins, but lacks histones (20, 22, 72) . A model for spreading of heterochromatin at telomeres proposes that Yku80 interacts with Sir4 that is bound at telomeres, and that this interaction promotes the recruitment of Sir3 (63) . However, yKu can also bind directly to telomeric DNA (65) . Surprisingly, NER efficiency in the TRF did not increase in cells lacking Sir2 or Sir3. Conversely, it increased considerably in the absence of Yku or Sir4, pointing out that the yKu-Sir4 interaction inhibits NER. This was confirmed when repair of CPDs was investigated in a yeast strain carrying a mutated YKU80 allele. Despite both yKu and Sir4 being present, their interaction is reduced in yku80-L140A cells (67) and CPDs are fast removed from the TRF. Further investigations will be required to explain how the yKu-Sir4 interaction inhibits NER. In fact, the Ku complex binds non-specifically to DNA breaks to promote repair by NHEJ (62), but we confirmed that NHEJ did not contribute to repair of CPDs near the proximity of chromosome ends. Therefore, our data are more consistent with the possibility that the inhibition of NER near telomeric repeats is associated with an alternative function of yKu, which occurs at non-terminal sites (65) .
In summary, studies on NER at natural telomeres have been limited to mammalian cells and the results remains contradictory. An early study on genomic heterogeneity of DNA repair showed that human somatic cells efficiently removed PDs from telomeric DNA (76). This conclusion was recently supported by findings obtained with human fibroblasts expressing exogenous telomerase, showing that CPDs in telomeres were repaired at a faster rate than CPDs in the bulk of the genome (77) . In contrast, Rochette et al. (78) found that CPDs are not repaired in telomeres, that cells tolerate persistent high levels of damaged telomeric DNA and that they continue proliferating without showing changes in telomere lengths. Our results are more consistent with the latter findings, but more investigations that consider the structure of chromatin are needed to help determining the activity of NER at natural telomeres.
